Can we use the CO 2 concentrations determined by continuous-flow isotope ratio mass spectrometry from small samples for the Keeling A common method to estimate the carbon isotopic composition of soil-respired air is to use Keeling plots (d 13 C versus 1/CO 2 concentration). This approach requires the precise determination of both CO 2 concentration ([CO 2 ]), usually measured with an infrared gas analyser (IRGA) in the field, and the analysis of d
13
C by isotope ratio mass spectrometry (IRMS) in the laboratory. We measured [CO 2 ] with an IRGA in the field (n ¼ 637) and simultaneously collected air samples in 12 mL vials for analysis of the 13 Soil respiration is considered to be the main contributor to ecosystem CO 2 efflux in temperate ecosystems. 1, 2 Little is known, however, about the respiratory components of soil CO 2 effluxes, due to problems associated with partitioning soil respiration into autotrophic (roots and rhizosphere) and heterotrophic respiration (microorganisms decomposing litter and soil organic matter). 3, 4 Modelling and analysis of the soil CO 2 efflux and its response to climatic conditions require separate estimations of these flux components. Litter and soil organic matter (SOM) decomposition are key processes in the carbon cycle and it has been shown that leaf litter is decomposed faster than SOM. 5, 6 However, the contribution of litter decomposition to soil respiration has still not been well investigated. The carbon isotope signatures of soil-respired CO 2 have been shown to be useful tools for the partitioning of soil respiration. 7, 8 As the soil matrix constitutes a porous system, respired CO 2 is mixed with atmospheric CO 2 . Hence the isotopic signature of gas samples represents a mixture of both CO 2 sources. In order to differentiate the sources, the so- ). The chamber was modified with five exchangeable rubber septa (maximal use ¼ 5 times) for sampling the soil air with syringes while simultaneously making the soil CO 2 efflux measurement. For the measurement of 13 CO 2 from the closed chambers we sampled $15 mL of air five times during a 15 min period with a 20 mL syringe equipped with a 0.4 Â 25 mm needle (Plastipak syringe and 27G Â 1 00 needle; Becton Dickinson, Fraga, Spain). The air sample was injected into a previously evacuated special glass vial (12 mL exetainer gas testing vials, capped with airtight rubber septa, cat. #738W; Labco Ltd., High Wycombe, UK). We used the dry air [CO 2 ] values obtained by the IRGA as our reference; the non-dispersive, infrared gas analysers produce highly reliable data sets for analysis and the LI-8100 is especially suitable for field work.
18,19
Vial preparation
The vials were prepared in the lab by different methods (as detailed below) in order to avoid contamination of the samples by ambient air and to prolong their useful storage life before the analysis. All vials were evacuated to 2 Â 10 À2 hPa, flushed with N 2 for $30 s and evacuated again.
They were now ready for use (i.e. the taking of a $15 mL of air sample). To investigate the possible effects of different vial preparations we conducted an experiment on the above prepared vials using three different methods:
M1: With this method we added $14 mL N 2 just before leaving for the field campaign (i.e. before the air samples were injected into the vials); this was also done with the standard vials. M2: For the second method the sample vials were treated as in M1, but the standard vials were only pre-evacuated before the CO 2 -in-air standards were injected (to demonstrate the importance of identical preparation of the standard vials). M3: For the third method we used only pre-evacuated vials without N 2 -filling for all standard and sample vials. The last evacuation step was done directly before the sample injection in the field and before the CO 2 -in-air standards were injected.
With M1 and M3 the standards were left with overpressure before the analysis (M1: $15 mL standard gas þ 14 mL N 2 and M3: $15 mL standard gas); with M2 the standard vials were depressurised with a needle before analysis. The [CO 2 ] in our CO 2 -in-air standards was 340 and 986 ppm (AE1%).
Storage and isotope analysis
The air samples were analysed within 0-4 days after sampling. If we could not analyse the samples immediately, they were stored in a desiccator under a pure N 2 atmosphere (desiccator was flushed with N 2 for $2 min after placement of the samples). We found no significant effect of storage time for up to 120 h, in agreement with the findings of Laughlin and Stevens and Werner et al. 20, 21 (data not shown). The air samples were collected without further pre-treatment, e.g. water removal. In order to test whether water vapour in our samples affected the measured [CO 2 ], we added 0.1 mL of water to vials filled with CO 2 -in-air standards (400 and 999 ppm; n ¼ 3). This produced a saturated water vapour atmosphere in the vials. We determined the peak areas of dry and moist CO 2 -in-air standards that were prepared according to M3 (see above). For all IRMS analyses the CO 2 of the gas samples was purified by an automated online preparation and introduction system (Gasbench II; ThermoFinnigan, Bremen, Germany) for the isotope ratio mass spectrometer. The system consists of an autosampler for 12 mL glass vials (CombiPAL; CTC Analytics, Zwingen, Switzerland), a diffusion tube for water removal (Nafion TM ), a loop injection system, a liquid nitrogen trap for cryofocusing, a gas chromatograph and an open split interface (ThermoFinnigan). The gas sampling system includes a two-port needle which adds a flow of He into the sample vial, thus diluting and displacing sample gas. After concentrating the CO 2 in the liquid nitrogen trap, the d 13 C is determined with a Delta Plus continuous-flow isotope ratio mass spectrometer (ThermoFinnigan). The [CO 2 ] of every analysed sample was calculated from the calibration curve prepared with CO 2 -in-air standards (340 and 986 ppm); these standards were measured at least three times each during an analysis (before the first sample, after the first half of the samples, and at the end of the analysis). The area under the voltage signal peak of the isotope ratio mass spectrometer for CO 2 (in units of Vs) was determined for masses 44, 45 and 46. The sum of these areas was used as a measure of the [CO 2 ]. 22 While most of the concentration is due to mass 44, the contribution of the minor isotopes was also considered and all calculations were based on the sum of the peak areas 44, 45 and 46. The [CO 2 ] calculation from the mass spectrometer signal needs careful calibration because the peak size depends on measurement parameters, such as freezing time, flow rates and pressure in the sample vial. We used several CO 2 -in-air standards from Oztech for calibration of the isotope values versus V-PDB and performed comparisons with other laboratories for verification. The d
13
C values of CO 2 are reported in the delta notation and referenced to the international V-PDB standard.
Keeling plots
Keeling plots were made by regressing (d 13 
Comparison of [CO 2 ] from soil air samples measured with IRMS and the IRGA
An important observation is that soil air samples taken with our standard vial preparation method M2 (Fig. 2) and Comparison of different vial preparations for field sampling and for lab standards
We tested with a one-way analysis of variance (ANOVA) if the three different methods of vial preparation (M1-M3) had an effect on the accuracy of the [CO 2 ] measurement by IRMS (accuracy defined as above) and found that the methods significantly influenced the accuracy ( p < 0.0001). From the three different methods, vial preparation method M1 (where the sample air and CO 2 -in-air standards were injected into vials which were filled with 14 mL N 2 ) gave the best agreement between the IRMS and IRGA data (Fig. 3) (Fig. 4) . We found no significant effect from the preparation procedures M1 and M3 on the 13 C values (paired t-test: p ¼ 0.61). M1 showed an advantage regarding the [CO 2 ] measurement (see above) making it the best method for obtaining reliable concentrations and isotope values; therefore, we recommend it for field applications.
Comparison of the Keeling plot intercepts obtained with IRMS and the IRGA
To support the previous recommendation we compared the Keeling plot intercepts (d 13 C of the respired CO 2 ) obtained from the three different vial preparation procedures. We found, once again, that the data from M1 came closest to the 1:1 line, especially when the measurement uncertainty is taken into account (Fig. 5) . The mean standard error of the Keeling plot intercepts (n ¼ 4) was 0.67% for the IRGA (range: 0.44-0.80%) and 1.00% for IRMS (range: 0.67-1.34%). By comparing this dataset with previous measurements made during the growing season we found that large Pataki et al. 12 showed at a lower scale for ecosystem respiration. During the vial preparation experiment the CO 2 ranges were always relatively low and lay between 73 and 474 ppm. A regression (standard error of the Keeling plot intercept ¼ a þ b/CO 2 range) testing the effect of CO 2 range on the standard error of the intercept showed that the CO 2 range significantly influenced the standard error of the intercept in both cases (for the IRGA and IRMS: p < 0.0001). The data in Fig. 6 suggest that, for soil respiration, to maintain a standard error in 13 C estimation with Keeling plots below 0.5%, a CO 2 range of approximately 300 ppm should be obtained. The low fluxes could be explained by dry (during summertime) or cold conditions (late autumn). In addition to the low fluxes the spatial and temporal heterogeneity of the soil respiration rate and of the isotopic source contribute to the uncertainty in ecosystem studies.
Together with increasing standard errors of the intercepts the accuracy also decreased (the difference between IRMS and IRGA [CO 2 ] measurements increased).
CONCLUSIONS
A reliable estimation of the [CO 2 ] with IRMS measurement simplifies the field work and lowers the costs. It also enables the application of the Keeling plot approach in situations of limited air volume (e.g. when using soil tubes) and where measurements with an IRGA are not possible. The proposed procedures also ensure that isotopic values and [CO 2 ] are obtained from exactly the same sample. Our results show that this is possible, provided that the following points are considered:
1. The vials for the sample air and the standard gas must be identically pre-treated (i.e. filled with N 2 ). 
